We have compared the ATPase, DNA-binding, and helicase activities of free simian virus 40 (SV40) large T antigen (T.) and T antigen complexed with cellular p53 (T+p53). Each activity is essential for productive viral infection. The T+p53 and T. fractions were prepared by sequential immunosorption of infected monkey cells with monoclonal antibodies specific for p53 and T antigen. The immune-complexed T fractions were then assayed in parallel. For ATP hydrolysis, the Vmax for T+p53 was 143 nmol of ADP per min per mg of protein, or 18-fold greater than for T.. ATP had no effect on the stability of the T+p53 complex. The T+p53 complex was significantly more active than To in hydrolyzing dATP, dGTP, GTP, and UTP. Of the nucleotide substrates tested, the greatest relative increase (T+p53/To) was in hydrolyzing dGTP and GTP. In DNase footprinting assays performed under replication conditions, the T+p53 complex protected regions I, II, and III of origin DNA while equivalent amounts of T, protected only regions I and II. Region III is known to contribute to the efficiency of DNA replication and contains the SPl-binding sites of the early viral promoter. The T+p53 fraction was also a more efficient helicase than T,, especially with a GC-rich primer and template. Thus, the T+p53 complex has enhanced ATPase, GTPase, DNA-binding, and helicase activities. These findings imply that complex formation between cellular monkey p53 and SV40 T antigen modulates a number of essential activities of T in SV40 productive infection.
T+p53 complex has enhanced ATPase, GTPase, DNA-binding, and helicase activities. These findings imply that complex formation between cellular monkey p53 and SV40 T antigen modulates a number of essential activities of T in SV40 productive infection.
Simian virus 40 (SV40) large T (T) antigen has multiple roles in the replication of SV40 DNA during lytic infection (for a review, see reference 13) . T has at least three activities that appear to be essential for DNA replication: originbinding, ATPase, and helicase activities. The specific interaction of T with the origin of replication is the first event in DNA synthesis. ATP binding, without hydrolysis, enhances the binding of T to site II within the 64-base-pair core origin (9, 10) . Correct origin binding leads to the unwinding of duplex DNA in the origin of replication (14, 45) . The helicase activity of T, in conjunction with its ATPase function, then extends the replication forks in both directions (5, 7, 33, 36, 37, 44) . ATP binding and hydrolysis may also play roles in the binding of T at replication forks (35) and in synchronizing replication fork movement (38) .
Interestingly, T antigen complexes with a cellular p53 protein (T+p53) in productively infected monkey cells and in a variety of SV40-transformed cell lines (22, 23) . The p53 cellular protein has long been known to be overproduced in many transformed cells (for a review, see reference 8) . In normal cells, expression of the p53 protein is important for the regulation of cell growth (25, 26, 31) . However, the role of the T+p53 complexes in productive and transforming infections is not well understood. All known mutants of T antigen defective for p53 binding are unable to replicate viral DNA (K. Peden, A. Srinivasan, J. Farber, and J. Pipas, Virology, in press). Tack et al. have shown that the ATPase activity of T antigen is increased in T+p53 complexes (40) . Clarke et al. report that p53 also associates with two other ATPases, the Escherichia coli dnaK and rat hsc70 proteins (6) . Reich and Levine have shown that p53 does not interfere with T binding to a fragment of DNA containing an origin of replication but did not analyze the interaction by DNAfootprinting techniques (29) .
In this report, we characterize some activities of the T+p53 complex prepared from lytically infected cells to define better the function of p53 in SV40 productive infection. T+p53 and T without p53 (T.) were prepared by sequential immunoprecipitation of infected monkey cell extracts and were assayed for their ability to hydrolyze different nucleotide substrates. In addition, we have examined the effect of p53 on the binding of T antigen to the origin of replication under conditions designed for the efficient replication of DNA in vitro. The use of these conditions was important because the presence of ATP strongly enhances the binding of T antigen to the origin and determines the DNase protection pattern of the interaction (2, 9, 10). Finally, we assayed helicase activity by using AT-rich and GC-rich primer-templates under the conditions of Stahl et al. (34) .
MATERIALS AND METHODS
Preparation of cell extracts. CV1 cells were grown in Dulbecco modified Eagle medium with 5% fetal calf serum and were infected with SV40 strain wt800 (39 108 (anti-T) and 122 (anti-p53) and NS1 medium (nonspecific control) were prepared as described by Gurney et al. (19, 20) . Cell extracts were immunoprecipitated by using saturating amounts of antibody and protein A-Sepharose (Pharmacia, Inc.) at 4°C and then washing three times with NET-N P-40 buffer (100 mM NaCl-5 mM EDTA-50 mM Tris [pH 8 .0]-0.05% Nonidet P-40) as described by Tack et al. (39, 40) . Sequential immunosorption first with PAb 122 and then followed by reaction of the PAb 122 supernatant with PAb 108 was used to prepare immune complexes containing T+p53 and T depleted in p53 (T.) (40 (40) . The ATPase activity (percent ADP generated in 60 min) was then normalized to the amount of 35S-labeled T present in each sample assayed.
DNase footprinting. After extraction from productively infected CV1 cells, T antigen was purified either by immunoaffinity chromatography (32) or by immunoprecipitation (40) . Matched concentrations of immune-complexed T+p53 and To were added to an end-labeled fragment of DNA containing the entire origin of SV40 (base pairs 5171 to 160). After binding for 30 min at 37°C in the presence of 4 mM ATP under replication conditions (9, 10) , DNase I was added for 5 min at 4°C, and the samples were processed as described by Deb and Tegtmeyer (10) .
Helicase. The helicase assay was performed by the method of Stahl et al. (34) (Fig. 1B) . The T+p53 fraction of T hydrolyzed 38% of the total amount of labeled ADP product and represented 7.5% of the total T, consistent with previous studies (40 Fig. 2A . Again, the 94K and 90K pair of bands were present in the T+p53 sample. Lineweaver-Burk analysis of the ATPase data generated in this experiment is shown in Fig. 2B (40) , of the T present in these extracts. This result is similar to the previously determined Vmax of 10 to 12 nmol/min per mg of protein for total lytic T (39) . The Km for T+p53 was calculated to be 45 ,uM, similar to that for the total T and To fractions (40 to 50 jxM).
The addition of creatine kinase and creatine phosphate to the ATPase reaction resulted in no net generation of ADP as expected for an ATP-regenerating system. The addition of sodium pyrophosphate also had little effect, but increasing ADP concentrations inhibited the ATP hydrolysis reaction. Pretreatment of the ATPase reaction mixture with sodium vanadate (100 jiM) had little effect on the rate of ATP hydrolysis.
Altered substrate preference: T+p53 complexes had enhanced ATPase and GTPase activities. Giacherio and Hager (17) have previously shown that partially purified SV80 T preferentially hydrolyses dATP and ATP, compared with the other four nucleotide substrates. However, the substrate specificity of lytic T both with and without bound p53 is not known. Therefore, we measured the ability of T+p53 and T. b Change in activity was determined as the ratio of the specific activities of the two T fractions. *, Enhanced activity of T fractions containing p53.
immune complexes to hydrolyze various ribo-and deoxyribonucleotides at two different (2 and 20 ,uM) nucleotide concentrations, as described in Materials and Methods. The results are summarized in Table 1 and Fig. 3 . For T+p53, the order of hydrolysis preference was dATP > ATP > dGTP = GTP > dTTP = UTP >> dCTP = CTP. For T., the order of preference was dATP > ATP > dTTP = dGTP = GTP = UTP >> dCTP > CTP. In general, both forms of T preferred dATP to ATP. However, T+p53 was significantly better than To at hydrolyzing not only dATP but also ATP, dGTP, GTP, and UTP. In particular, the degree of enhanced hydrolytic activity was greatest for dGTP and GTP. Thus, bound p53 appears to enhance the ATPase and GTPase activities of T antigen.
Altered on DNA binding: T+p53 complexes protected region III. Reich and Levine (29) have shown that T antigen, complexed with murine p53, binds specifically to a fragment of viral DNA that contains an SV40 origin of replication. However, these early studies were done in the absence of ATP and did not include DNase protection techniques to distinguish binding to three distinct regions within the origin DNA. We used DNase footprinting in the presence of ATP, under conditions established for efficient DNA replication in vitro, to examine the effect of p53 on origin binding. We used T, purified by elution from immunoaffinity columns, as a positive control and nonspecific NS1 antibody complexed to protein A-Sepharose beads as a negative control. The results are shown in Fig. 4 . Affinity-purified and immune-complexed T fractions protected region I and 11 (10) tive controls included protein A-Sepharose beads complexed with the nonspecific NS1 antibody (lanes Cl) or beads alone (lanes C2).
The results of several analyses are summarized in Table 2 .
T+p53 was consistently more efficient than the To fraction in displacing either the AT-rich or the GC-rich primer from its respective template DNA. In general, the AT-rich primertemplate was a better substrate than the GC-rich primertemplate, regardless of the form of T used. However, the greatest average increase in activity (T+p53/T. = 2.3) was with the annealed GC-rich primer as the substrate.
ATP had no effect on the stability of the T+p53 complex. The addition of up to millimolar amounts of ATP to p53 associated with either the E. coli dnaK or hsp70 has been reported to reverse the complex (6) . Accordingly, we analyzed the lytic T+p53 complex by SDS gel analysis both before and after the addition of up to 4 mM ATP in each of the biochemical assays described above. Our results showed that ATP had no effect on the relative amounts of labeled T and p53 proteins in complex and reactive with either PAb 122 or 108 ( Fig. 2 and 5) . Thus, the stability of the monkey p53-associated-SV40 T-antigen complex was not affected by the presence of physiological concentrations of ATP.
DISCUSSION
We have analyzed the effect of the bound monkey p53 complex on several biochemical activities of SV40 large T antigen important for productive infection. Sequential immunosorption with monoclonal antibodies specific for p53 and T was used to prepare T+p53 complexes and free-T fractions. Equal amounts of the two T forms were analyzed in nucleotide hydrolysis, DNase-footprinting, and helicase assays.
The presence of millimolar concentrations of ATP had no effect on the stability of the SV40 T+p53 (monkey) complex, unlike the effect on p53 complexed with either the heat shock hsc70 or dnaK proteins (6) .
ATPase activity and p53 binding related. We have observed that the T+p53 complex has both enhanced ATPase and GTPase activities. The elevated (18- (11, 42) . Perhaps the p53 complex stabilizes or alters the structure of T to increase its binding activity. Region III provides an ancillary function in DNA replication and is a major upstream element in the SV40 early promoter; the interplay of events in replication and transcription, if any, remains to be determined (for a review, see reference 12) . Thus, the interaction of the p53-T-antigen complex with this DNA regulatory region could modulate initiation of viral DNA replication or transcription or both. Possibly, p53 complex binding to T may affect both protein-DNA and protein-protein interactions at ori to modulate and coordinate viral functions. The fraction of total T (about 1.3%) bound to SV40 chromosomes in infected cells is very low (39) . Therefore, the amount of T+p53 present is sufficient to directly participate in viral DNA replication. Complexed p53 and altered helicase activity. In addition to enhanced ATPase activity, the T+p53 complex had an enhanced helicase activity compared with that of T free of p53. In particular, the T+p53 complex was more efficient than To at displacing a GC-rich primer from its template.
Higher ratios of p53 to T in the complex generally corresponded to increased helicase specific activity. That T+p53 was more active than T. towards a GC-rich primer under (24, 27) . Thus, p53 expressed in different tissues and species may function either positively or negatively with respect to modulating viral replicative and cell transformation processes.
